Rhododendron dauricum L., a flowering tree popular in Hokkaido, produces daurichromenic acid (DCA), a terpenophenol with a potent anti-HIV activity. The DCA-producing enzyme, named DCA synthase, could be detected in the soluble protein fraction prepared from the young leaves of R. dauricum. DCA synthase catalyzed oxidocyclization of the farnesyl group of grifolic acid to form (+)-DCA as the major reaction product. The DCA synthase reaction proceeds without the need for any cofactors and coenzymes except for molecular oxygen. Interestingly, these catalytic properties of DCA synthase are quite similar to those reported for cannabinoid synthases in the marijuana plant Cannabis sativa L.
Rhododendron dauricum L. (Ericaceae), distributed in Hokkaido and northeastern Asia, produces unique secondary metabolites, including daurichromenic acid (DCA). DCA has attracted considerable attention as a drug candidate because it showed a potent anti-HIV activity in experiments with acutely infected H9 cells [1] . Actually, among increasing numbers of various natural products tested in a similar manner, DCA has been one of the most effective anti-HIV compounds with an EC 50 value of 15 nM, which is smaller than that of a positive drug control AZT (44 nM) [2] . Thus, chemical and pharmacological studies on DCA and related chromene constituents have been extensively conducted in the last decade [3] [4] [5] [6] [7] [8] .
DCA is a terpenophenol consisting of alkylresorcylic acid and sesquiterpene moieties in the molecule. DCA has been assumed to be biosynthesized from grifolic acid via oxidative cyclization of the farnesyl group to form a chromene ring ( Figure 1A ) [9] . This putative biosynthetic reaction, cyclization coupled with twoelectron oxidation, is similar to those reported for biosynthetic reactions of various cannabinoids in Cannabis sativa L. ( Figure 1B ) [10] . Hitherto, three cannabinoid synthases, tetrahydrocanabinolic acid (THCA) synthase, cannabidiolic acid (CBDA) synthase, and cannabichromenic acid (CBCA) synthase have been identified and characterized. All these enzymes catalyze oxidocyclization of the geranyl group of a common substrate, cannabigerolic acid, to form novel ring systems. Detailed molecular and biochemical studies have demonstrated that THCA synthase and CBDA synthase are flavoprotein oxidases catalyzing reactions using covalently attached FAD as the coenzyme, and molecular oxygen as the final electron acceptor [11, 12] . CBCA synthase, which synthesizes a chromene ring like a putative DCA biosynthetic reaction, has not been molecular characterized. However, it is known that CBCA synthase shows biochemical properties similar to those of THCA synthase and CBDA synthase [13, 14] . In contrast to these cannabinoid synthases, biosynthetic enzyme catalyzing DCA production has not been identified to date. As the initial study to establish the biosynthetic mechanism of DCA, we herein attempted to detect and characterize the DCA-producing oxidocyclase. Prior to biosynthetic study, the tissue distribution of DCA and related compounds was studied by a reverse-phase HPLC analysis of methanolic extracts of various parts of the plants. As shown in Figure 2 , DCA and grifolic acid contents were highest in young leaves (15.9 mg/g of FW and 1.85 mg/g of FW, respectively), followed by mature leaves. In addition to leaf tissues, twigs also accumulated these terpenophenols in relatively small amount, whereas flowers and roots did not contain either of them. It is of interest that confluentin and grifolin, the decarboxylated forms of DCA and grifolic acid, respectively, were not detected in any samples, suggesting that terpenophenols in R. dauricum are biosynthesized exclusively as the acidic forms, although neutral terpenophenols have been reported as constituents in plants in the genus Rhododendron [7, 8] . Based on the tissue distribution pattern, it seemed likely that DCA is most actively biosynthesized in the young leaves of R. dauricum.
We prepared the cell free enzyme solution from young leaves, and enzyme assays were conducted using grifolic acid as substrate. The reaction products were analyzed by HPLC, as shown in Figure 3 . Consequently, the sole product peak with a retention time identical to DCA was clearly observed when the soluble fraction (100,000 x g supernatant) of the young leaves was used as the enzyme ( Figure  3A ), while the membrane fraction contained negligible enzyme activity, suggesting that the reaction was catalyzed by a soluble enzyme. As for the tissue distribution of the DCA producing enzyme, active enzyme solution was not obtained from any tissues other than young leaves, probably due to the low abundance of the enzyme. Thus we prepared enzyme solution from young leaves for the following studies.
The reaction product was identified unequivocally to be DCA because its UV spectrum and FAB-MS matched those of DCA purified from R. dauricum. In addition, the stereoselectivity of the enzyme reaction was examined by a chiral HPLC analysis ( Figure  4 ). The enzyme-derived DCA was applied to a Chiralpak AD-H column, and analyzed using synthetic standards of (+)-and (-)-DCA [3] . As a result, it was confirmed that the enzyme synthesized (+)-DCA as the major reaction product ( Figure 4A ). However, the observed ratio of (+)-and (-)-DCA was ca. 95:5, which was lower than expected because plant DCA is accumulated almost exclusively as the (+)-form ( Figure 4B ). Addition of protein stabilizers such as glycerol and reducing agents to the enzyme reaction did not improve the enantioselectivity further. Therefore, we considered that it would be difficult to optimize completely the DCA synthase reaction in vitro. Nevertheless, we, for the first time, detected the activity of a DCA-producing enzyme, named DCA synthase, which predominantly produces (+)-DCA, the naturally occurring enantiomer with anti-HIV activity [1] . Total syntheses of DCA have already been published [5, 6] , but chemical syntheses require several elaborate steps. Biosynthetic studies might lead to the development of a simple alternative method, because DCA synthase produces DCA in one step from grifolic acid, which could be purified from the mushroom Albatrellus dispansus in large amount [3, 4] .
DCA synthase activity was readily detected, but it was quite difficult to purify the enzyme because DCA synthase did not bind to any of the column matrixes tested, such as DEAE-cellulose, CMcellulose, hydroxyapatite and phenyl Sepharose. In addition, insufficient plant material made the purification even more difficult. Thus, in this study we characterized DCA synthase using the cell free extract as the enzyme solution. First, DCA synthase showed maximum activity at pH 6.0, and half maximum activities at pH 5.0 and 7.0, indicating that this enzyme prefers weakly acidic conditions, as in the case with reported cannabinoid synthases [10] . Therefore, the reaction buffer adjusted at pH 6.0 was employed for the standard reaction. Metal ions such as Mg 2+ and Mn 2+ had little effects on the oxidocyclization reaction by DCA synthase (Table 1) , in contrast to the fact that sesquiterpene cyclases, that cyclize farnesyl pyrophosphate, utilize either Mg 2+ or Mn 2+ ions as the essential cofactor [15] . In the terpene cyclase reactions, these divalent cations are thought to form a complex with the pyrophosphate moiety of the substrate. [15] . Since grifolic acid does not contain a pyrophosphate moiety, it may be reasonable to assume that DCA synthase does not need metal ions.
DCA synthase catalyzes the oxidative reaction in which two hydrogen atoms are removed from grifolic acid. Thus various redox cofactors were examined to obtain clues to understand the oxidation mechanism (Table 1) . First, addition of hydrogen peroxide did not affect the enzyme activity, indicating that DCA synthase is not a The activity of standard reaction was 7.0 nkat/mg protein. Data are means of triplicate assays, and the SD was always within 10 %.
peroxidase. Likewise, coenzymes such as NAD, NADP, FAD and FMN did not stimulate the enzyme. Therefore, DCA synthase does not require exogenously added coenzymes for the oxidation of substrate. Among these coenzymes, FAD and FMN apparently reduced activity, probably due to nonenzymatic degradation of grifolic acid in the presence of these flavin compounds. Similar chemical degradation by flavins has also been reported for cannabigerolic acid, the substrate for cannabinoid synthases [16] .
Two catalytic modes, ionic and radical mechanisms, could be considered for the oxidation reaction of grifolic acid. To confirm whether radical species are generated during the DCA synthase reaction, two typical radical trap agents, 2-methyl-2-nitrosopropane and N-acetylcysteine, were included in the enzyme reaction (Table  1 ). However, neither of them inhibited the enzyme activity, suggesting that the DCA synthase reaction proceeds through an ionic mechanism without radical intermediates. Thus two hydrogen atoms would be abstracted from grifolic acid as a hydride ion and a proton as the initial steps of the enzymatic oxidocyclization.
It was also clearly confirmed that DCA synthase absolutely requires molecular oxygen because oxygen-removing treatment by using glucose oxidase and catalase in the presence of glucose [17] completely inhibited the enzyme activity (Table 1) . This result might suggest that DCA synthase is an oxidase-type oxidoreductase, as in the case of cannabinoid synthases [11, 12] . Oxygenases, such as P-450s, also utilize molecular oxygen for their catalytic process, but they are generally membrane-bound proteins [18] , unlike the soluble nature of DCA synthase. Furthermore, addition of NADPH, the essential electron donor for P-450 reactions, did not activate DCA synthase (Table 1) .
With respect to the substrate specificity, DCA synthase did not afford any reaction products from grifolin, suggesting that the carboxyl group of the substrate is essential for substrate binding and/or catalysis. This result is consistent with the fact that R. dauricum does not accumulate neutral terpenophenol such as confluentin, as described above. Likewise, cannabigerolic acid, the common precursor for various cannabinoids [10] , was not a substrate for DCA synthase despite this compound having a resorcylic acid skeleton like grifolic acid. These results implied that the active site architecture of DCA synthase is strictly optimized to accept and oxidize grifolic acid. Figure 5 shows the putative reaction scheme for DCA synthase based on the enzyme properties herein described. With this mechanism, a hydride ion is abstracted from the C-1' diallylic position, whereas a proton is removed from a hydroxyl group on the C-4 position of the phenolic moiety. Then, stereoselective cyclization of the ionic intermediate takes place in the enzyme active site to form, dominantly, (+)-DCA. As in the case of cannabinoid synthase reactions [11, 12] , molecular oxygen would participate as the final electron acceptor in the reaction because hydrogen peroxide, which was proportional to the DCA produced, was detected in the DCA synthase reaction mixture by a chromogenic peroxidase assay [19] . Therefore, the DCA synthase reaction is summarized as follows; grifolic acid + O 2 -> DCA + H 2 O 2 . Further studies should be conducted to establish the more detailed biochemistry of the DCA synthase reaction.
In this study, we detected and partially characterized DCA synthase in R. dauricum. DCA synthase is the first plant enzyme that catalyzes oxidocyclization of the farnesyl group of a natural product. The properties of DCA synthase are quite similar to those of cannabinoid synthases that are FAD oxidases [11, 12] . One would suspect the possibility that DCA synthase is also a member of the flavoproteins that are structurally related to cannabinoid synthases. To obtain detailed insight into the structure and function of this novel terpenophenol oxidocyclase, molecular cloning and recombinant expression of DCA synthase are now in progress in our laboratories, and will be communicated in due course.
Experimental
General: HPLC was performed using a system composed of a CCPM pump and a UV-8020 absorbance detector (Tosoh). Three different HPLC conditions were used in this study for respective purposes. (i) A Cosmosil 5C18 MS (4.6 x 150 mm, Nacalai Tesque) was used for analytical HPLC with isocratic elution with 82.5% aqueous acetonitrile containing 1% acetic acid at a flow rate of 1.0 mL/min. (ii) A YMC-Pack ODS (20 x 250 mm) was employed for preparative HPLC eluted with 92.5 % aqueous acetonitrile containing 1% acetic acid at a flow rate of 5.0 mL/min. (iii) Chiral HPLC was made using a Daicel Chiralpak AD-H (4.6 x 250 mm) equilibrated with methanol containing 0.1% acetic acid at a flow rate of 0.5 mL/min. The elution of samples was monitored at 254 nm. UV spectra were measured on a Hitachi U-1800 spectrophotometer. FAB-MS were recorded on a JEOL JMS-AX505HAD. 1 H-and 13 C-NMR spectra (400 MHz) were obtained on a JEOL JNM-ECX400P/TIM using CDCl 3 as a solvent.
Plant material and chemicals: R. dauricum were cultivated in the medicinal plant garden of the University of Toyama. Grifolic acid, grifolin, and synthetic (+)-and (-)-DCA were from our laboratory collection [3] . DCA was also obtained as a natural authentic compound by preparative HPLC from a methanolic extract of young leaves of R. dauricum. From 3.0 g of leaves, 11.0 mg of DCA was purified. Confluentin (racemic) was synthesized from grifolin by chemical oxidation using dichlorodicyanobenzoquinone, as described previously [3] , and purified by preparative HPLC. A total of 13.6 mg of confluentin was obtained from 50 mg of grifolin. The structures of DCA and confluentin herein prepared were confirmed by comparing their FAB-MS, 1 H NMR and 13 C NMR spectra with the reported data [6] . All other chemicals were purchased from Sigma, Wako Pure Chemicals, and Nacalai Tesque, unless otherwise stated.
Tissue distribution of terpenophenols:
Methanolic extracts were prepared from young leaves, mature leaves, twigs, flower petals, and roots of R. dauricum. Fresh tissues (0.3 g each) were frozen in liquid nitrogen, and ground into a fine powder by pestle and mortar. The powder was then extracted with 1 mL of methanol, and the resulting samples were subjected to analytical HPLC, as described above. The amount of terpenophenolic constituents was calculated based on the standard calibration curves using the authentic compounds.
Preparation of the cell free enzyme extract: All procedures were conducted at 4 o C. Young leaves (1.3 g) were frozen in liquid nitrogen, and homogenized with 5 mL of 50 mM Tris-HCl buffer (pH8.0) containing 5 mM mercaptoethanol, 1 mM EDTA, 10% glycerol, and 0.5 g of Amberlite XAD-4. The homogenate was filtered through two layers of gauze, and centrifuged at 100,000 x g for 60 min. The supernatant was applied to a PD-10 desalting column (GE Healthcare). The protein was eluted with 10 mM potassium phosphate buffer (pH 7.0) containing 1 mM mercaptoethanol and 10% glycerol, and used as enzyme solution.
Protein concentration was measured as described by Bradford [20] using BSA as the standard protein.
Enzyme assays:
The standard assay consisted of a total volume of 200 L, containing 10 mM potassium phosphate (pH 6.0), 1 mM mercaptoethanol, 10% glycerol, 20 M grifolic acid, and 7.4 g of protein. After incubation at 30 o C for 2 h, the reaction was stopped by adding 200 L of methanol. A 100 L aliquot was treated by analytical HPLC to quantitate the DCA produced. To confirm the structure of enzyme-derived DCA, it was produced in a 5 mL scale reaction, purified by preparative HPLC, and analyzed by UV and FAB-MS spectra. Enantioselectivity of the reaction was evaluated by chiral HPLC, as described above. To examine the molecular oxygen requirement of DCA synthase, the substrate and enzyme solutions were preincubated with glucose oxidase and catalase in the presence of glucose, as described [17] . The hydrogen peroxide generated after the DCA synthase reaction was monitored using a chromogenic horseradish peroxidase reaction with 4-aminoantipyrin as substrate [19] .
